H ip-spine syndrome was originally reported by Offierski and MacNab in 1983 1 . They described secondary hipspine syndrome as the interrelationship of spine symptoms and deformity of the hip. Flexion deformity of the hip rotates the pelvis anteriorly and exaggerates the normal lumbar lordosis. Hyperlordosis of the lumbar spine causes subluxation of the posterior facet joint and foraminal stenosis 1 .
are consistent with the pathology of the hip-spine syndrome reported by Offierski and MacNab 1 . Therefore, the origin of the sequential pathology of the hip-spine syndrome is the anterior PT. Indeed, Offierski and MacNab argued that the flexion deformity of the hip rotates the pelvis anteriorly 1 . We hypothesized that in patients who have secondary OA of the hip due to acetabular dysplasia the pelvis tilts anteriorly because of the compensation of the anterior acetabular coverage defect. However, to our knowledge there have been no reports of hip factors associated with the anteriorly tilted pelvis as the first step of secondary hip-spine syndrome. In this study, we investigated hip factors associated with anterior PT in patients who had secondary OA of the hip due to acetabular dysplasia.
Materials and Methods

B
etween January 2009 and December 2017, we performed 732 primary total hip arthroplasties at our institution. For these patients, we routinely made preoperative standard anteroposterior radiographs of the hip, standing whole-spine radiographs, and computed tomography (CT) scans of the hip. Anteroposterior radiography of the hip and CT scanning were conducted with the patients in a supine and relaxed position, without lumbar support. The medical records of these patients were reviewed to identify patients who had undergone total hip arthroplasty as a treatment for unilateral OA due to developmental dysplasia of the hip with a normal contralateral hip, defined by absence of OA and of pain, a center-edge angle of >25°, and a Sharp angle 5 of >45°. Patients were excluded if they Figs. 1-A and 1-B The characteristics of PT and lumbar lordosis (LL) in patients with hip OA. Spinopelvic balance is shown in an individual without OA ( Fig. 1-A) and in an individual with OA ( Fig. 1-B) . econdary OA not due to AD (osteonecrosis, trauma, rapidly destructive coxarthrosis, etc.) *SVA = sagittal vertical axis, PI = pelvic incidence, LL = lumbar lordosis, and AD = acetabular dysplasia. met any of the following criteria (Table I) : (1) a severely subluxated hip (Crowe et al. 6 Group II, III, or IV) or bilaterally affected hip joints (because bilateral dislocation obviously may influence the measurement of PT or the pelvic incidence for cranial displacement of the femoral head) (Fig. 2-A) , (2) a history of issues likely to have affected spinal alignment (because of its influence on PT), (3) sagittal spinal imbalance (because of its influence on PT), or (4) an age of ‡70 years. We defined sagittal spinal imbalance as PT of >25°, a sagittal vertical axis of >70 mm, or pelvic incidence minus lumbar lordosis of >15°, by reference to the SRS (Scoliosis Research Society)-Schwab 3 sagittal modifiers 7 . These measured spinal parameters are shown in Figure 2 -A. After the exclusion criteria had been applied, 100 patients with unilateral developmental dysplasia of the hip were available for inclusion in the study. The study protocol was approved by our local institutional review board, and the study was carried out in accordance with the guidelines of the World Medical Association Declaration of Helsinki.
We defined indicators of anterior coverage defect of the acetabulum, flexion deformity of the hip, and anterior tilt of the pelvis as the acetabular anteversion angle (AAA), extension range of motion (ROM), and PT, respectively. We also recorded the following hip measurements: femoral neck-shaft angle, leg-length discrepancy, femoral neck anteversion angle, combined anteversion angle (AAA plus femoral neck anteversion angle), center-edge angle, Sharp angle, flexion ROM, and abduction ROM. The femoral neck-shaft angle and leglength discrepancy were measured on anteroposterior radiographs of the hip (Fig. 2-B) . The femoral neck-shaft angle was measured as the angle formed by a line drawn through the long axis of the neck of the femur and a line drawn along its shaft. Leg-length discrepancy was determined by subtracting the perpendicular distance between the teardrop line and the top of the lesser trochanter on the involved side from the distance on the uninvolved side. Extension ROM was measured with the patient in the prone or lateral position, and flexion and abduction ROM were measured with the patient supine.
Analysis of CT Scans
Axial CT scans (Toshiba Aquilion; Toshiba Medical System) were performed using a 0.5-mm slice thickness from the level of the iliac crest to the lesser trochanter and at the level of the femoral condyles. Using the Aquarius iNtuition software (TeraRecon), a 3-dimensional reconstruction of the pelvis and femur was created from the CT image. Given that the position of the pelvis in patients who have acetabular dysplasia is compensated while CT scans are performed, the axial images were not symmetrical, and the sliced level differed between the left and right hips in an axial image. Therefore, we had to define the standardized measurement plane with reference to the anterior pelvic plane to exclude the influences of the pelvic position. The standardized axial plane was defined as the plane that was perpendicular to the anterior pelvic plane, was parallel to the teardrop line, and passed through the center of the femoral head on the unaffected side ( Fig. 3-A) . In this plane, we measured AAA Measurement of the femoral neck anteversion angle (FNAA).
Hip-Spine Syndrome: Acetabular Anteversion Angle, Anterior Pelvic Tilt, Lumbar Hyperlordosis as the angle formed by a line connecting the edges of the anterior and posterior walls of the acetabulum and a line perpendicular to the anterior pelvic plane (Fig. 3-B) . The center-edge and Sharp angles generally are measured on the anteroposterior radiograph, but the angles can be influenced by the anteroposterior tilt of the pelvis. Therefore, those angles were measured on the standardized coronal plane that was parallel to the anterior plane of the pelvis and passed through the center of the femoral head on the unaffected side ( Fig. 3-A) . On the standardized coronal plane, we measured the center-edge angle as the angle formed by a perpendicular line and a line connecting the edge of the acetabular roof with the center of the femoral head. We measured the Sharp angle as the angle formed by the teardrop line and a line connecting the tip of the teardrop with the edge of the acetabular roof ( Fig. 3-C) .
Femoral neck anteversion was measured on axial CT images as the angle between a line drawn through the long axis of the neck of the femur and a line connecting the posterior surfaces of the medial and lateral femoral condyles (Fig. 4) . We measured femoral neck anteversion in only 66 patients because CT imaging of the femoral condyles was not performed routinely for preoperative evaluation of patients after November 2011. 
Statistical Analysis
The Shapiro-Wilk test was used to test for the normality of the patients' characteristics and measured morphometric variables. To test for the correlation between the variables and PT as the indicator of anterior tilt of the pelvis, the Pearson correlation coefficient was used for normally distributed variables and the Spearman rank correlation coefficient was used for non-normally distributed variables. Multivariate regression analysis was performed to identify the variables associated with PT. Candidate variables were selected through a stepwise backward selection method using a p value of 0.3. Correlation between AAA and spinal parameters was also investigated. Statistical analyses were performed using JMP Pro 11.2.1 (SAS Institute).
To evaluate the error in measurement of the hip and spinal parameters, 2 examiners (Y. Okuzu and Y. Okutani) performed the measurements on 2 occasions, >1 month apart. For determination of interobserver reliability, 1 of the examiners performed the measurement for 50 randomly selected patients. Analyses were performed using the average values measured by 1 examiner. We calculated the intraclass correlation coefficients (ICCs) for intraobserver and interobserver reliability using Excel (Microsoft) Statistics 2015 for Windows (version 1.03; Social Survey Research Information). Table II . Most of the patients were women. The mean AAA and PT were 24.9°and 11.3°, respectively.
Results
T he demographics of the patients in this study are shown in
The ICCs for the intraobserver and interobserver reliabilities of the measured parameters are shown in Table III . All of the ICCs were >0.7, indicating excellent or good consistency.
The correlation coefficients between PT and the other variables are shown in Table IV . Only 2 variables showed a significant correlation: AAA (r = -0.389, p < 0.001) and combined anteversion angle (r = -0.272, p = 0.03). The results of the multivariate regression analysis are shown in Table V . The independent factors associated with PT were AAA (b = -0.385, p < 0.001) and extension ROM (b = 0.212, p = 0.0496); AAA was the stronger factor. Table VI shows the correlations between AAA and the spinal parameters. Both lumbar lordosis and pelvic incidence minus lumbar lordosis were significantly correlated with AAA, whereas the sagittal vertical axis was not.
Discussion
A nterior PT is considered to be the first step of secondary hipspine syndrome. To the best of our knowledge, this is the first report about hip factors associated with anterior PT. Specifically, we identified a negative correlation between AAA and PT and a positive correlation between extension ROM and PT. Furthermore, AAA was positively correlated with lumbar lordosis and negatively correlated with pelvic incidence minus lumbar lordosis, but no correlation with the sagittal vertical axis was found. Assuming a causal relationship, the results can be understood to indicate that the larger AAA causes the lower PT, and this sequentially induces lumbar hyperlordosis. Furthermore, the lumbar spine is more lordotic than would be expected based on the pelvic incidence. However, AAA was not associated with global spinal alignment. On the basis of the results of the current study, we postulate that in patients who have a large AAA, the anteriorly tilted pelvis increases the coverage of the femoral head by the acetabulum. Those patients may unconsciously tilt the pelvis anteriorly to avoid edge-loading the hip joint, thereby decreasing the pain in the hip. Conversely, the posteriorly tilted pelvis due to the sagittal spinopelvic imbalance may cause anterior coverage insufficiency of the acetabulum and induce progression of the hip OA, as argued by some authors 2, 8 . Hyperlordosis is considered to cause low back pain because of the increase in pressure on the posterior ligaments and facet joints 5, 9 . In a CT analysis study, Jentzsch et al. found that hyperlordosis of the lumbar spine was associated with facet joint arthritis in the lower lumbar spine 10 . Furthermore, Sorensen et al. reported that lumbar lordosis in individuals who had low back pain when standing was greater than it was in individuals without low back pain 11 . They concluded that greater lumbar lordosis while standing might be a risk factor for the development of low back pain. In view of those findings, it is reasonable to postulate that a large AAA may be associated with spine symptoms such as low back pain.
The results of our study are useful for treating patients who have acetabular dysplasia with hip-spine syndrome. Most patients who have acetabular dysplasia also have an anterior acetabular coverage defect, and they may have anterior pelvic tilt and lumbar hyperlordosis 12 . During periacetabular osteotomy for patients who have acetabular dysplasia, surgeons internally rotate the acetabular fragment and tilt it anteriorly to achieve the increased lateral and anterior coverage 13 . That is reasonable not only for increasing anterior acetabular coverage but also for preventing or improving the anterior PT and consequently the hip-spine syndrome. Furthermore, in patients who have acetabular dysplasia with lumbar symptoms, possibly caused by lumbar hyperlordosis, surgeons should recognize the relationship between anterior coverage of the acetabulum and anterior tilt of the pelvis. Hyperlordosis of the lumbar spine may compensate for the anterior coverage of the acetabulum; correction of hyperlordosis can decrease the anterior tilt of the pelvis and the anterior coverage of the acetabulum, and consequently may cause progression of OA of the hip. Therefore, hip and spine surgeons must assess the anterior coverage of the acetabulum before treating a patient for lumbar hyperlordosis.
The position of the pelvis in patients who have acetabular dysplasia is rotated or tilted in 3 dimensions because of various hip and spine factors. Therefore, accurate assessment of hip morphology on normal axial CT images is not possible. To correct for the 3-dimensional pelvic rotation, we used the standardized axial and coronal planes with reference to the anterior pelvic plane. Cup anteversion and abduction angles in total hip arthroplasty are directly influenced by PT 14, 15 , so the same effect would occur in the acetabular coverage in hip joints affected by OA. We think that correcting the pelvic rotation and defining accurate planes for measurement are the strengths of our study. We have identified pelvic axial rotation toward the affected hip in many patients with acetabular dysplasia (Fig. 3-B ). We speculate that this axial rotation of the pelvis is caused by increasing the anterior coverage of the acetabulum.
Whether PT differs before and after total hip arthroplasty is controversial. In most studies, PT did not change [16] [17] [18] [19] . However, it has been reported that in specific groups of patients, PT changed. These patients were older and had disc-space narrowing, lower lumbar lordosis, a wide contralateral joint space, or low-back pain 4, [18] [19] [20] . Changes in the pelvic parameters are quite important for targeting the position of the acetabular component. The results of our study indicate that PT may increase after total hip arthroplasty in patients who have a large AAA, because they can have abnormally low PT to compensate for the anterior coverage defect. However, we did not investigate postoperative PT in this study. In the future, it will be useful to investigate the characteristics of patients in whom PT changes after total hip arthroplasty.
There are several limitations in our study. First, we evaluated the patients only in static positions. Evaluation in dynamic positions or gait analysis is needed to investigate more accurately and in detail the relationship between the hip and spine. Second, we cannot confirm a causal relationship between PT and both AAA and extension ROM, because our study was cross-sectional in design. However, a previous study suggested that in patients with hip OA and low back pain, the low PT and high lumbar lordosis improved and low back pain decreased after total hip arthroplasty 4 . Therefore, we postulate that greater AAA can cause anterior tilt of the pelvis and hyperlordosis of the lumbar spine. Third, we did not assess the spine symptoms, which is a major limitation of our study. However, many studies have reported that hyperlordosis of the lumbar spine can cause low back pain, as already discussed. Clarification of the relationship between AAA and spine symptoms requires additional studies. Fourth, it is unclear whether the reason for the results of our study is acetabular dysplasia or hip OA. A study in patients who have acetabular dysplasia without OA would be ideal; however, imaging studies of patients with no OA of the hip, and hence no planned surgical procedures, would not be acceptable. Fifth, the results of our study can be applied only to patients who have unilateral acetabular dysplasia. In our institution, acetabular dysplasia is the underlying cause in most of the patients with hip OA, the majority of whom have a large AAA. Given this characteristic, the results of the current study are justified. If the subjects had been patients with primary hip OA, different results might have been obtained. Sixth, we think that the measurement of the ROM of the hip might not be accurate, because compensation of the spine often occurs when hip ROM is measured. Ideally, measurement of ROM is based on the bone-to-bone relationship of the joints, using fluoroscopy for example, but this is not practical. Lastly, we might not have completely excluded the patients who had spinal imbalance. There is no gold standard to distinguish clearly between patients who do and do not have spinal imbalance. The standard of normal spinal balance has not yet been established, although spinal balance and imbalance may be a sequential pathology.
In conclusion, our study showed a correlation between PT and both AAA and extension ROM. Furthermore, AAA was associated with lumbar lordosis and pelvic incidence minus lumbar lordosis, indicating hyperlordosis of the lumbar spine. When treating patients who have acetabular dysplasia, surgeons should recognize the relationship between anterior coverage of the acetabulum and anterior tilt of the pelvis. Hyperlordosis of the lumbar spine may compensate for the anterior acetabular coverage, and its correction can decrease the anterior tilt of the pelvis and the anterior acetabular coverage, thereby leading to progression of OA in the hip. 
